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We show the possibility to improve the measurement sensitivity of a weak force by using two
meters in an entangled state. This latter can be achieved by exploiting radiation pressure eects.
03.65.Ta, 42.50.Dv, 03.65.Ud
Since the original formulation of quantum mechanics, entanglement has been recognized as one of its most puzzling
features [1]. During the last few years a considerable amount of literature focused on methods to prepare atoms
in nonclassical and also entangled states appeared [2]. A striking achievement in this rapidly expanding eld has
been the recent entanglement of two gas samples of atoms [3]. Contemporarily we proposed to exploit the radiation
pressure to entangle massive macroscopic oscillators, like movable mirrors in a cavity [4]. Once the entanglement
between macroscopic oscillators has been shown to be accessible, another important achievement would be to give a
technological application of such a property of their states, by considering them as meters. Then, our aim is to show
here the potentiality of using these entangled oscillators in quantum metrology. This was already recognized in Ref.
[5], where it was proposed to use entangled atoms for very high precision clocks. We shall show, instead, that one can
use entangled meters for very sensitive tiny forces measurements.
More than twenty years ago, Hollenhorst [6] argued that placing massive meters in nonclassical states would improve
the precision of a force measurement. Essentially, a classical coherent force causes a displacement of the meter (e.g.
a movable mirror) resulting in the shift of its state in the phase space. Such a displacement would be recognized
through a readout apparatus (e.g. radiation eld) [7]. Therefore, the ultimate limit in this kind of measurement is
represented by the width of the meter’s probability density along the displacement direction. In the most performing
case, the width of the oscillator’s ground state probability density determines the so called Standard Quantum Limit
(SQL) [7]. This state can be identied with the vacuum state at zero temperature, so, to beat it, one should put the
meter at least in a squeezed state.
Cavities with one movable mirror have already been studied [8], and a wide class of quantum states coming from
optomechanical coupling was proposed [9]. However, the temperature at which such quantum states could be generated
is prohibitive. Anyway, due to the recent technological developments in optomechanics, this area is now becoming
experimentally accessible [10]. Therefore, the aim of this paper is to show that the use of two entangled meters surely
improves the sensitivity of a weak force measurement.
Let us consider a cavity with two movable mirrors, playing the role of meters, with oscillatory center of mass modes
a1 and a2 having the same (for the sake of simplicity) frequency Ω and mass M . When a classical force acts on them,
it causes a phase space displacement whose amplitude and phase are determined by the time dependence of the force
[7]. Thus, without loss of generality, we can describe the eect of a force with a strength f (in unit of inverse of time),















2a2). The factor (−)j indicates
that the force acts on the relative variables of the meters, as, for example, it is the case of gravitational radiation
[11,12].
Dening the dimensionless position and momentum of the meters qj = aj + a
y
j , pj = −i(aj − ayj), (j = 1, 2)
respectively (with commutation relations [qj , pj ] = 2i), the displacement (1) would be along the quadrature q1 − q2.
Thus, to detect such a force we would need to measure this quadrature. Hence, the phase space uncertainty of
the initial state along this direction limits the precision of the force measurement. If the meters initially are in the
harmonic oscillator ground state, the measured signal would be S  hq1 − q2i = 4fτ , while the variance (calculated
in absence of force) V  h(q1 − q2)2i − hq1 − q2i2 = 2. As a consequence the signal-to-noise ratio is
R = SpV = 2
p
2fτ . (2)









where the equality gives the SQL [7,13].
In practical situations massive meters are always far from SQL, mainly due to the thermal noise associated to their
(initial) state. In reality, indirect measurements beside this noisy term introduce further noises, like shot noise and
backaction noise [13]. Nevertheless, there already exist strategies to ght against such noises [14,15], hence, we would
concentrate here on the noisy term coming from the state uncertainty of the meter(s). In particular we shall show
how to prepare a meters state having a reduced uncertainty which improves their sensitivity.
To this end we recast the model introduced in Ref. [4], where we have shown the possibility of entangling massive
meters by exploiting the radiation pressure. The action of the cavity mode B, the entangler mediating information
between two mirrors (the meters), results in the interaction Hamiltonian of the form
Hint = hGByB (q1 − q2) , (4)
where G is the optomechanical coupling constant (proportional to M−1/2) [8]. Since we require an intense cavity eld
we are naturally lead to a quadratic form of Hint by the simple replacement B ! β + b, where β denotes the classical
amplitude of the cavity eld and b the quantum fluctuation. Then, we have the following linear Heisenberg equations
_b = ibb− iGβ(q1 − q2) , (5a)
_qj = Ωpj , (5b)
_pj = −Ωqj + (−)j2G(βb + βby) + (−)j2Gjβj2 , (5c)
where b is the cavity eld detuning [4]. For a suciently large value of b the b mode can be adiabatically eliminated
obtaining
_qj = Ωpj , (6a)
_pj = −Ωqj + (−)j (2Gjβj)
2
b
(q1 − q2) + (−)j2Gjβj2 . (6b)
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The corresponding expression for pj(t) can be easily determined as the time derivative of the above Eq.(7).
Now, we want to evaluate the fluctuations V of the quadrature q1(t)− q2(t) over a separable thermal state as could









where Z = [∑n exp(−Nthn)]−1 and Nth = coth(hΩ/2kBT ), with kB the Boltzmann constant and T the equilibrium
temperature. Then, with the aid of Eqs.(7) and (9) we get











If we turn o the entangler at time t = pi/(2) [17], we are left with a variance V = 2(2Nth + 1)(Ω/)2. Hence, we
immediately recognize that for   Ω we can reduce the noise in the quadrature q1−q2 bringing the meters state close
to an eigenstate of this quadrature. Then, we leave the meters free to undergo the action of the force. In such a case
the initial meters’ state would be a kind of EPR state [18]. To be more precise, the quadrature p1 + p2, conjugate to
that measured, possesses at time t = pi/(2) a variance V = 2(2Nth +1). A general separability criterion introduced
in Ref. [4] gives
V  V  jh[qj , pj]ij2 , (11)
then, the condition  > Ω(2Nth + 1) guarantees entanglement. This leads to a great improvement in the minimum















We clearly see that entanglement allows to overcome the SQL. However, even if  is smaller than Ω(2Nth + 1),
correlations are established between meters, leading to an improvement of their sensitivity as well. The value of 
strongly depends on the optomechanical coupling constant G and on the intensity of the entangler eld jβj2. For
instance, the parameters values used in experiments performed on similar systems [10] give Ω  105 s−1, and   107
s−1, which allow to beat the SQL, even at room temperature.
Since no improved signal-to-noise ratio is possible with the entangler mode on [17], what will really limit the
applicability of the above procedure would be the decoherence, which degrades the prepared meters state. Such a
decoherence takes place on a time scale (ΓNth)−1 [8,12] with Γ−1 the mechanical relaxation time. Hence, the force
should act within this time, i.e. τ  (ΓNth)−1. Thus, the model is especially suitable for weak but impulsive forces
[19]. It turns out that at a given temperature it is the mechanical quality factor of the meters (Ω/Γ) that determines
the limit value of τ . With the experimental parameters cited above [10] τ  10−6 s at 4 K. However, improvements
can be obtained by employing Micro Electro-Mechanical Systems [20,22], or Atomic Force Microscopes [21], which
could have higher quality factors.
Summarizing, we have proposed high-sensitivity force measurement by exploiting nonclassical features of the meters,
like entanglement. That would allow to overcome the uncertainty related to the meter state and even to beat the
SQL.
Very recently, it was shown [23] that there would be no signicant advantage in using entangled states over squeezed
states (or superposition of coherent states). Thus, our aim could be attained by placing a meter in other nonclassical
states, e.g., squeezed states. Although in principle this would be acceptable, in practice it does not exist a reliable way
to prepare macroscopic massive meters in squeezed states. Furthermore, in Ref. [23] no mention was made about the
degradation of entanglement or other nonclassical states, which in our opinion is the most stringent constraint one has
to face for a real applicability of quantum mechanics at the technological level. Instead, the above strategy of preparing
entangled state of macroscopic oscillators has been shown feasible and robust at easily reachable temperatures [4].
We have shown that for impulsive forces, with respect to the decoherence time, entanglement is a primary resource.
Our scheme, although oversimplied, may open new perspectives in quantum metrology [22], as well as in gravitational
waves detection [11].
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